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Abstract: The viscosities of binary liquid mixtures of toluene with butan-1-ol and
2-methylpropan-2-ol have been determined at 298.15, 303.15, 308.15, 313.15 and
318.15 K over the whole concentration range. The Hind, Grunberg—Nissan, Wijk,
Auslander and McAllister models were used to calculate the viscosity coefficients
and these were compared with the experimental data for the mixtures. Excess vis-
cosities were also calculated and fitted to the Redlich—Kister equation. Various ther-
modynamic properties of viscous flow activation were determined and their varia-
tions with composition are discussed.

Keywords: viscosities, binary liquid mixtures, butan-1-ol, 2-methylpropan-2-ol, to-
luene.

INTRODUCTION

Thermodynamic and transport properties of liquid and liquid mixtures have
been used to understand the molecular interactions between the components of the
mixture and also for engineering applications. As a continuation of previous
work, 1% the viscosities and excess viscosities of binary liquid mixtures of toluene
with butan-1-ol and 2-methylpropan-2-ol at 298.15, 303.15, 308.15, 313.15 and
318.15 K as a function of composition are reported. The values of the excess vis-
cosities have been fitted to the Redlich—Kister polynominal equation? to derive the
binary coefficients and estimate the standard deviations between the experimental
and calculated results. The theoretical viscosites calculated using some existing
equations, i.e., those of Hind, ® Grunberg—Nissan,”-8 Wijk,? Auslander!% and Mc-
Allister,!1 have been compared with the measured values for the studied binary lig-
uid mixtures. In adition, the activation energies of viscous flow have been calcu-
lated for the binaries toluene with butan-1-ol and 2-methylpropan-2-ol in the tem-
perature range 298.15-318.14 K.
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EXEPRIMENTAL

High purity chemicals (BDH) were employed. All the substances were dried on molecular sieves
(Fluka 4 A) before use. The purity was controlled by chromatographic, density and refractive index mea-
surements. All the mixtures were prepared by mass using an analytical balance (Balanta-Sibiu, Roma-
nia) with a prcision of + 0.1 mg. The possible error in the mole fraction was estimated to be +2x105. The
viscosities of the pure compounds and of the binary mixtures were determined with an Ubbelohde kine-
matic viscometer,'2 which was kept in the vertical position in a thermostatically controlled water bath
(constant to + 0.05 K). The kinematic viscosity was calculated using the relation:

v=At— B/t (1)

where ¢ is the flow time (£ 0.1s) of a constant volume of liquid through the viscometer capillary; 4
and B are characteristic constants of the used viscometer, which were determined by taking water
and benzene as the calibrating liquids for correction of kinetic energy (Hagen—Poiseuille) devia-
tions. The dynamic viscosity was determined from the equation:

n=vp @)
where p is the density of the liquid. The densities were determined by the Kahirousch hydrostatic
method.!2 The experimental tecnique has been previously described.? The precision of the densities
was * 0.00005 g/cm3. The accuracy of the viscosity measurement was estimated to be + 0.0008
mPa s. In all determinations, triplicate experiments were performed for each composition and tem-
perature, and the arithmetic mean was taken for the calculations of the viscosity. The flow times
were reproducable to within 1 %. The refractive indices (sodium D line), np2>, of the pure sub-
stances were measured at 298.15 K, using a thermostated Abbe refractometer. The measured viscos-
ities, densities and refractive indices of the pure component liquids are compared with their corre-
sponding literature values.!3~18 in Table I.

TABLE I. Comparison of experimental viscosities, densities and refractive indices 7% of the pure
liquids together with literature values

Component Temp./K Viscosity/m?a s np® ' Density/(kg/.m3)
Exp. Lit. Exp. Lit. Exp. Lit
Toluene 298.15  0.5561 0.5521'3 14938 1.494213
303.15  0.5314 0.537213 856.9 856.6!9

308.15  0.5083
313.15  0.4833
318.15  0.4630
Butan-1-ol 298.15  2.5434 2570 13975  1.398417
303.15 22243 219714 802.7 802.419
308.15  1.9560  1.92913
313.15  1.6872
318.15  1.4879
2-Methlpropan-2-0l ~ 298.15  4.3451  4.43916 13840 1.3844!8
303.15  3.3720  3.37816 775.6  775.019
308.15  2.6451  2.58916
313.15  2.0921
318.15  1.6350
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RESULTS AND DISCUSSION

Experimental values of viscosities of mixtures at 298,15, 303,15, 308,15,
313,15 and 318.15 K are listed as a function of mole fraction of toluene in Tables II
and III. The results in this study are in close agreement with the work of Nikam et
al.19 with regard to these systems at 303.15, 308.15 and 313.15 K. No experimen-
tal data were found for the studied mixtures at 298.15 and 318.15 K, with which a
comparison of the present values could be made. The experimental values of vis-
cosity were used to calculate the excess viscosity (yE), defined by the equation:

nt = Nexp — [xn1 + (1 —x)12] (3)
where 771 and 77, are the viscosities of the pure components. The nE values at
298.15,303.15, 308.15, 313.15 and 318.15 K for each of the two binary mixtures
are also given in Tables II and III. All the values of #E were negative, indicating
that dispersion forces are predominant in these systems. It was observed that, for
all mixture, the values of the excess viscosity decrease with increasing temperature
and that the nE values for the mixtures of toluene + 2-methylpropan-2-ol were
higher than those observed for the toluene + butan-1-ol system. The dependence of
nE on the mole function was fitted to the Redich—Kister equation:>

=2 .
nf=x(1-x) ) 4;@x-1) (4)
=0

where A; are empirical constants. The values of the coefficients 4; are listed in Ta-
ble IV, together with the standard deviations c:
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Fig. 1. Excess viscosity of toluene + butan-1-ol Fig. 2. Excess viscosity of touluene +

at 303.15 K; (O) this work, (W) Nikam et al.!® 2-methylpropan -2-01 at 303.15 K; (O) this work,
The continuous curve was calculated from the (M) Nikam ez al.!° The continuous curve was cal-

Redlich—Kister equation. culated from the Redlich—Kister equation.
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where m is the number of data points and 7 is the number of estimated parameters. Figs.
1 and 2 illustrate comparisons between the present % values with those calculated using
the Redlich—Kister polynomial equation and literature values. Thee is reasonably good
agreement for the two systems and the shapes of the curves also remain identical.

In at attempt to describe the viscosity of binary mixtures, the approachs pro-

posed by Hind:®

Grunberg—Nissan:’-8

Wijk:9

n =x1201 + X205 + 2x1112

Inn =x1Ilnn; +x, Inyy + x1x0d

lgn =x121gn; +x2lgn, + 2x1xp 1gn15

and Auslander:10

xy[xy + Bioxa(n —n1)] +Ax1x0[Boyxy +xp (1 —1m2) =0

(6)

(7

®)

(€)

TABLE II. Viscosities 7 and excess viscosities #F of binary mixtures of toluene (x) + butan-1-ol

(1—x) at different temperatures

X n/mPa s nF/mPa s X n/mPa s n%/mPa s

298.15 K
0.0000 2.5434 0 0.6110 0.7762 —0.5530
0.0920 2.0102 —0.3504 0.6913 0.6621 —-0.4912
0.1987 1.5904 —0.5581 0.8151 0.6052 -0.3184
0.2983 1.2788 -0.6718 0.9218 0.5713 —0.1402
0.3930 1.0843 —-0.6789 1.0000 0.5561 0
0.5091 0.8978 —0.6338

303.15K
0.0000 2.2243 0 0.6110 0.7296 —0.4603
0.0920 1.7693 —-0.2993 0.6913 0.6258 —0.4282
0.1987 1.4593 —0.4286 0.8151 0.5739 —-0.2705
0.2983 1.1809 —-0.5384 0.9218 0.5455 —-0.1183
0.3930 1.0040 —-0.5550 1.0000 0.5314 0
0.5091 0.8372 —-0.5252

308.15 K
0.0000 1.9560 0 0.6110 0.6784 —-0.3931
0.0920 1.5812 —0.2416 0.6913 0.5875 —-0.3677
0.1987 1.3229 —0.3454 0.8151 0.5421 —-0.2339
0.2983 1.0755 —0.4487 0.9218 0.5196 —-0.1019
0.3930 0.9192 —0.4679 1.0000 0.5083 0
0.5091 0.7739 —0.4451
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TABLE II. Continued.

x n/mPa s nE/mPa s x n/mPa s nE/mPa s
313.15K
0.0000 1.6872 0 0.6110 0.6325 —0.3191
0.0920 1.3932 —0.1832 0.6913 0.5504 —0.3045
0.1987 1.1988 —0.2492 0.8151 0.5094 —0.1965
0.2983 0.9827 —0.3454 0.9218 0.4920 —0.0854
0.3930 0.8418 -0.3723 1.0000 0.4833 0
0.5091 0.7140 —0.3603
318.15 K
0.0000 1.4879 0 0.6110 0.6118 —0.2499
0.0920 1.2924 -0.1012 0.6913 0.5380 —0.2413
0.1987 1.1056 —0.1787 0.8151 0.4964 —0.1561
0.2983 0.9514 —0.2308 0.9218 0.4692 -0.0739
0.3930 0.8198 —0.2653 1.0000 0.4630 0
0.5091 0.7048 —0.2613

TABLE III. Viscosities % and excess viscosities #F of binary mixtures of toluene (x) + 2-methyl-
propan-2-ol (1—x) at different temperatures

X n/mPa s nE/mPa s X n/mPa s nE/mPa s

298.15K
0.0000 4.3451 0 0.6081 0.7016 —1.3394
0.1121 24317 —1.4887 0.7089 0.6352 —-1.0239
0.1785 1.7172 -1.9516 0.8115 0.5846 —0.6857
0.3151 1.1128 —2.0383 0.9095 0.5623 —0.3367
0.3919 0.9507 —1.9095 1.0000 0.5561 0
0.4958 0.7975 —1.6690

303.15K
0.0000 3.3720 0 0.6081 0.6472 -0.9977
0.1121 1.9909 —1.0627 0.7089 0.5909 -0.7674
0.1785 1.4623 —1.4027 0.8115 0.5517 -0.5151
0.3151 0.9909 —1.4860 0.9095 0.5336 —0.2549
0.3919 0.8583 —1.4004 1.0000 0.5314 0
0.4958 0.7306 —1.2330

308.15K
0.0000 2.6451 0 0.6081 0.5970 —0.7487
0.1121 1.6301 —0.7755 0.7089 0.5487 —0.5806
0.1785 1.2452 —1.0185 0.8115 0.5206 —0.3905

0.3151 0.8824 —1.0893 0.9095 0.5125 —0.1892
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TABLE III. Continued.

x n/mPa s nE/mPa s x n/mPa s nE/mPa s
0.3919 0.7749 —1.0328 1.0000 0.5083 0
0.4958 0.6693 -0.9164

313.15K
0.0000 2.0921 0 0.6081 0.5419 -0.5719
0.1121 1.2822 —0.6296 0.7089 0.5040 —0.4476
0.1785 1.0268 —0.7781 0.8115 0.4956 -0.2910
0.3151 0.7677 —0.8175 0.9095 0.4876 —0.1412
0.3919 0.6855 —0.7761 1.0000 0.4833 0
0.4958 0.6025 0.6920

318.15 K
0.0000 1.6350 0 0.6081 0.4999 —0.4224
0.1121 1.0498 —0.4538 0.7089 0.4686 —0.3356
0.1785 0.8744 -0.5514 0.8115 0.4657 -0.2182
0.3151 0.6837 —0.5820 0.9095 0.4646 -0.1115
0.3919 0.6188 —0.5569 1.0000 0.4630 0
0.4958 0.5520 —0.5019

In the above equations were used the dynamic viscosity of the liquid mixture
designated by #, and 7, 17, are the dynamic viscosities, and x{, x;, are the mole
fractions of the pure components 1 and 2 constituting the liquid mixture; 171, d,
A, and Bj, are interaction parameters (viscosity coefficients) and reflect the
non-ideality of the system. The three-body Mc Allister equation:!!

Inn =x1 In513 + 3x12x2 In 912 + 3x1x22 Inpp1 +x23 Inyy —
—In[x] + xoMo/M 1] + 3x12xp In[(2 + Ma/M)/3] +
+ 3x1x22 In[(1 + 2Mo/M1)/3] + x23 In[M>/M] (10)

and the four-body McAllister equation:

Inn =x*Inn; +4x13x In g1 + 6x12x% In gy +
+4x1x23 In 972001 +x0% In o — Infoxy + xoMp/M 1] +
+ dx13xp In[(3 + Mo/M1)/4] + 6x12x22 In[(1 + Mo/M1)/2] +
+ 410003 In[(1 + 3Mo/My)/4] + x0% In[Mo/M ] (11)

were also tested, where M| and M, are the molecular weights of the pure components 1
and 2. The adjustable parameters of the McAllister models are given by %12, 921, 71112,
11122 and 17271. The parameters which appear in equations 6 — 11 were estimated using
the experimental viscosity data and non-linear regression analysis employing the Leven-
berg—Marquardt algorithm. Table V shows the calculated parameters and the standard
deviations between the experimental values and those obtained using the semi-empirical
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Fig. 3. Comparison of the Wijk and McAllister Fig. 4. Comparison of the Wijk and McAllister

three body model at 298.15 K for the system
toluene + butan-l-ol. The continuous curves

were calculated from Egs. (8) and (10),
respectively.

four body model at 298.15 K for the system
toluene + 2-methylpropan-2-ol. The continuous
curves were calculated from Egs. (8) and (11),
respectively.

relations of Hind, Grunberg—Nissan, Wijk, Auslander and McAllister. Comparison be-
tween the Wijk and the McAllister three body model for the system toluene + butan-1-ol
and between the Wijk and the McAllister four body model for the system toluene +
2-methylpropan-2-ol at 298.15 K are illustrated in Figs. 3 and 4, respectively.

TABLE IV. Coefficients 4;, and standard deviations, o, for nF from Equation (4) of the binary mix-
tures at different temperatures

T/K 4 4, 4, o/mPa s
Toluene (x) + butan-1-ol (1—x)
298.15 —2.57316 1.19362 —0.76007 0.009
303.15 —2.12488 0.83325 —0.55582 0.018
308.15 —1.80502 0.66195 —-0.40152 0.015
313.15 —1.45397 0.34353 —0.20064 0.016
318.15 -1.07677 0.05514 —0.06685 0.006
Toluene(x) + 2-methlpropan-2-ol (1 —x)
298.15 —6.57795 6.46842 —5.28582 0.044
303.15 —4.87005 4.54896 —-3.61973 0.030
308.15 —3.62328 3.23516 —2.56066 0.023
313.15 —2.72209 2.50539 —2.16256 0.027
318,15 —1.97349 1.70769 —1.57604 0.021

The data presented in Table V and in Figs. 3 and 4 clearly show that the Wijk
equation best represents the viscosites of the mixtures of toluene with 1-butanol
and the McAllister four-body model best represents the viscosities of the mixtures
of toluene with 2-methylpropan-2-ol. The Wijk model gave the best representation
of the data for the toluene + butan-1-ol because this system deviates less from
ideality than the toluene + 2-methylpropan-2-ol system.
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TABLE V. Parameters for the semi-empirical relations of Hind, Grunberg—Nissan, Wijk, Auslander
and McAllister

TIK Equation o/mPas Equation o/mPa s
Toluene (x) + butan-1-ol (1—x) Toluene (x) + 2-methylpropan-2-ol (1—x)
Hind Hind
298.15 N1 =0.2028 0.083 Ny =—1.23657 0.476
303.15 N1 = 0.27217 0.061 71, =—0.75618 0.334
308.15 712 = 0.30049 0.046 71, =— 0.42805 0.237
313.15 712 =0.34361 0.028 7y, =—0.23594 0.187
318.15 N1y = 0.43225 0.007 712 =—0.01454 0.130
Grunberg—Nissan Grunberg—Nissan
298.15 d=—1.14225 0.021 d=-2.78595 0.086
303.15 d=—1.04955 0.023 d=-2.53073 0.074
308.15 d=-1.01364 0.025 d=-2.17655 0.066
313.15 d=-0.92125 0.030 d=-2.17655 0.073
318.15 d=0.6731 0.035 =-1.95019 0.063
Wijk Wijk
298.15  1gn, =-0.17279 0.009 lgn1,=—0.41311 0.037
303.15 Ign;,=-0.19165 0.010 lg 171, =—0.42294 0.033
308.15  Ign, =—0.22137 0.011 lg 11, =—0.43643 0.029
313.15  Ign, =—0.24432 0.013 lg 11, =—0.47018 0.031
318.15 Ign;, =—0.22708 0.015 lg 11, =-0.48393 0.027
Auslander Auslander
298.15 By, =-104.71962 B, =—154.90529
Ay =-31.27166 0.014 Ay =—6.64427 0.069
B,; =0.48049 By; =1.65976
303.15 By, =-112.71147 By, =-70.43131
Ay =-36.39199 0.016 Ay =—9.28425 0.048
B,;=0.41372 B,; =1.20858
308.15 By, =-130.37772 By, =-89.4178
Ay =—43.90445 0.015 Ay =—12.58353 0.030
B, =—-10.34915 B,1=10.89918
313.15 B, =-109.17528 By, =-135.93072
Ay =—42.3694 0.017 Ay =-17.87351 0.011
By; =0.34799 B, =0.64274
318.15 B, =-114.53743 B, =-172.4602
Ay =—55.77301 0.010 Ay =—24.06716 0.010
By =0.27692 B, =0.504
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K Equation o/mPas Equation o/mPa s
Toluene (x) + butan-1-ol (1—x) Toluene (x) + 2-methylpropan-2-ol (1—x)
McAllister three-body model McAllister three-body model
298.15  my,=-10.52402 0.017 N1y =—0.42622 0.025
7,1 = 0.11407 7, =— 0.54034
303.15 73, =-0.58754 0.018 712 =—0.50805 0.021
721 = 0.05976 151 =—0.58775
308.15 711, =—0.66084 0.016 N1y =—0.57937 0.019
7,1 =—0.01607 721 =— 0.65869
313.15 73, =-0.74239 0.016 712 =—0.62663 0.023
7,1 =—0.07132 7,1 =—0.8053
318.15 11, =-0.76779 0.012 N1, =—0.71521 0.006
7,1 =—0.04032 hy; =—0.85575
McAllister four-body model McAllister four-body model
298.15 11112 =—0.59896 N1112 = — 0.57085
Ni122 =—0.10326 0.016 N1122 =— 0.29553 0.019
N2221 = 0.26149 M221 = — 0.12834
303,15 7;yy1,=—0.65437 N1112 =—0.63974
N1122 =— 0.16839 0.017 N1122 = — 0.36945 0.015
N2291 = 0.19069 M221 = — 0.23764
308.15 77112 =—0.70554 Ni112 =— 0.70467
N1122 =— 0.26896 0.016 N1120 =— 0.44361 0.011
N2 = 0.11613 M221 = — 0.34181
313.15  13yy5,=—0.76484 Ny112 =—0.78732
N1122 =— 0.36251 0.017 N1122 =— 0.4751 0.012
N2221 = 0.05172 N2221 = — 0.55502
318.15  1yy,=—0.85624 N1112 =— 0.87097
N1122 =— 0.2087 0.018 N1122 =— 0.53303 0.015

Wooo1 = — 0.66098

The energies of activation of viscous flow for the studied binaries were calcu-
lated using the following equations:20

n—hlivexp(AG# / RT) (12)
AG# = AH# — TAS* (13)

where AG”, AH" and AS" are the free energy, enthalpy and entropy of activation of vis-
cous flow. The plots of In# vs. 1/T for each of the binaries studied were found to be lin-
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ear in the temperature range 298.15 — 318.15 K, and the values of AH* and AS* were
obtained from the corresponding slopes and the intercepts. Knowing the values of AH*
and AS", the corresponding values of AG were calculated using Eq. (13). The values
of activation energies at 303.15 K are listed in Table VI as a function of composition.
The estimated uncertainty of the reported thermodynamic propeties is = 2.0 %. The
values of AH" for the pure components are positive and vary in the order: 2-methyl-
propan-2-ol > butan-1-ol > toluene, indicating that association and dipole—dipole in-
teractions increase the value of the enthalpy. The values of AS” for the pure compo-
nents are negative for toluene and positive for the alcohols, showing that the overall
molecular order due to the formation of an activated complex increases for the non-as-
sociating component and decreases in case of the alcohols due to the breaking of
H-bonds. The values of A" and AG” for the mixtures are positive for all the binaries
systems, while the values of AS” are negative at low alcohol concentration and positive
at high alcohol concentration. The positive AS” values observed in the binaries solu-
tions rich in butan-1-ol or 2-methylpropan-2-ol are indicative of less overall molecular
order due to activated complex formation for viscous flow. This type of behaviour has
also been observed in other systems.!3

TABLE VI. Values of AG" and AS* at 303.15 K, together with the values of AH" (approximatrely
constant in the temperature range 298.15 —318.15 K) for the binary mixtures of toluene + butan-1-ol
or 2-methylpropan-2-ol

Toluene (x) + Butan-1-ol (1-x) Toluene (x) + 2-methylpropan-2-ol (1—x)
x  AH*/(J/mol) AS*/(J/Mol K) AG*/(J/mol) x  AH"/(J/mol) AS*/(J/MolK) AG*/(J/mol)
0.0000 21514.3 19.0 15751.4 0.0000 38798.9 72.3 16888.2
0.0920 17916.7 8.9 15221.0 0.1121 33823.0 60.5 15482.4
0.1987  14746.5 -0.1 14761.7 0.1785 27176.8 40.7 14838.6
0.2983  12389.5 -6.2 14259.9 03151 19616.1 18.9 13886.6
0.3930 11752.7 -7.1 13888.9 0.3919 17289.8 12.2 13591.4
0.5091 10282.8 —-10.5 134659 0.4958 14815.5 5.4 13178.5
0.6110  9888.7 -10.8 13159.7 0.6081 13647.4 2.5 12889.5
0.6913  8685.6 -13.6 12805.4 0.7089 122449 -1.5 12699.6
0.8151  8235.9 - 145 12637.6  0.8115  8964.2 -11.8 12541.4
0.9218  7929.9 -15.2 12540.8 0.9095  7521.7 -16.5 12520.4
1.0000  7360.1 —17.0 12513.7 1.0000  7360.1 —17.0 12513.6
CONCLUSIONS

The viscosities for binary mixtures of toluene with butan-1-ol or 2-methyl-
propan-2-ol are presented as a function of mixture composition in the temperature
range 298.15 — 318.15 K. These results were used to calculate the excess viscosi-
ties, which were fitted to the Redlich—Kister polynomial in order to estimate the
adjustable parameters and standard deviations between the observed and fitted
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quantities. The experimental viscosity data were correlated to the Hind, Grun-
berg—Nissan, Wijk and Auslander models, as well as to the McAllister three-body
and four-body models. The energies of activation of viscous flow for these binaries
mixtures were also calculated.

U3BOJ

BNCKO3HOCT BUHAPHUX CMEIIA TOJITYEHA CA BYTAH-1-OJIOM un
2-METUJIITPOITAH-2-OJIOM

VASILE DUMITRESCU u OCTAV PANTEA

Department of Chemistry, Petroleum u Gas University of Ploiesti, Bd. Bucuresti 39, Ploesti, Romania

Bucko3nocTrn GmHapHIX TEUHHUX CMella ToiyeHa ca 6yTaH-1-010M 1 2-MeTHIIIPONaH-2-07I0M
onpebuBane cy Ha Temnepatypama 298,15, 303,15, 308,15, 313,15 u 318,15 K y nynom omncery
cacraBa. Mogenu no Hind-y, Grunberg—Nissan-y, Wijk-y, Auslender-y u McAllister-y kopuurhe-
HU Cy 3a M3pavyHaBame BPEIHOCTH KoepUIMjeHTa BUCKO3HOCTH W OHe cy ymopebeHe ca
eKCIIeprMEeHTAHIM ToflaliiMa 3a cMelle. V3pauyHaTta cy nmoBehama BpeJHOCTH BHCKO3-
HOCcTH W oHe cy ¢uroBaHe mo Redlich-Kister-oBoj jegnaumnau. Oapebena cy paszmamumra
TepMOAMHAMHMYKA CBOjCTBA aKTUBAIMje BUCKO3HOT TOKA U pa3MaTpaHe BbUXOBe IPOMEHE ca
cacTaBoOM cMella.

(ITpumibeno 16. aBrycra, pesugupano 27. genemopa 2004)
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